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INTRODUCTION

Toll like receptor-9 (TLRY) is a cellular DNA-receptor which is widely expressed in breast cancers. We have shown
previously that stimulation of TLR9 with endogenous TLR9-ligands induces their invasion. The contribution of TLRO to
breast cancer pathophysiology has been, however, unknown. Our hypothesis entering these studies was that DNA, which
is derived from dying cancer cells can serve as an endogenous TLR9-ligand and induce TLR9-mediated invasion and
thereby, contribute to the poor prognosis in some types of breast cancers.

BODY:
Aim #1. Study the mechanism how apoptotic DNA induces breast cancer invasion in vitro and in vivo.

1.1 Study the mechanism how apoptotic DNA stimulates breast cancer invasion in vitro.
1.2 The role of DNA receptor expression in breast cancer growth and metastasis in vivo.

The TLRY siRNA cells have been established and described in the attached publication (Appendix 1). We have also
established work with siRNA AIM?2 breast cancer cells, but no specific experiments have been done with these cells
yet. We have only begun to perform the experiments with the DAI-siRNA cells. In the above mentioned publication,
we demonstrate that the TLR9 siRNA tumors in the triple negative background grow more aggressively than the
control siRNA cells. This was a surprise finding and went against our expectations. No such difference in tumor
growth rates was detected between ER+ breast cancer cells (control or TLR9 siRNA). Within the manuscript
(Appendix 1) we established that TLR9 expression is highly hypoxia-regulated and that in the absence of TLR9
expression in hypoxia, some other protein mediates the increased invasion. Our further hypothesis is that TLR7 is the
critical protein in this context. We also investigated treatment-responses in vivo and compared those in the triple
negative control and TLR9 siRNA tumors. We discovered that although there was a trend for smaller % decrease in
tumor size in response to doxorubicine-treatment in the TLR9 siRNA-tumors, there was no statistically significant
differences in the tumor responses (Fig. 1 a — b). However, interestingly, the mice that had control siRNA tumors lost
twice as much weight than the mice that were inoculated with the TLR9 siRNA tumors (Fig. 1 ¢ — d). Since the mice
weights were similar in the vehicle-treatment groups, we hypothesized that doxorubicine-treatment induces the
formation of DNA-structures which are released from dying cancer cells. When these DNA-structures are taken up
via living cancer cells, a TLR9-mediated inflammation takes place, resulting in the release of TNF-a and other
cytokines which might explain the weigh loss. We confirmed that the weight loss is due to a difference in lean mass,
thus suggesting that it is cachexia (Fig. 1 e). Furthermore, we hypothesized that DNA from doxorubicine-killed breast
cancer cells could induce cytokine release from living breast cancer cells. We discovered that this is the case indeed
(Fig. 2). We have yet to show that this effect is TLR9-mediated.
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Figure 1. Nude mice were inoculated with control or TLR9

©) siRNA MDA-MB-231 cells and the mice were treated with
vehicle or doxorubicine. a) TLR9-siRNA cells formed larger
225 . tumors (### p<0.001 vs. ctrl siRNA tumors, *** p<0.001 vs.
20,0 — [JControl siRNA  vehicle-treatment) but the response to treatment b) was similar
17.54 * CITLRY siRNA in both groups. Data is shown as % decrease in tumor size, as
< 1501 compared with vehicle-treated tumors at sacrifice, n = 30, mean
% 12.54 + sem.
é 10.0+ ¢) Mouse weights during the course of the experiment.
7.5 Although vehicle-treated mice had similar weights,
5.0 " doxorubicine-treatment induced a more profound weight loss in
2'(5; [ 1r—1 mice that were inoculated with the control siRNA cells (n=30,
Body weight  Lean Fat mean = sem, ### p<0.001 vs. TLR9 siRNA, ** p<0.01, ***
p<0.001 vs. vehicle-treatment). d) % Weight loss at sacrifice,
as compared with weights of vehicle-treated mice in
corresponding groups at sacrifice. Mean + sem, n=30, ***
p<0.001 vs. control siRNA group. ) Weights of doxorubicine-
treated mice, as determined by DEXA. The increased body
weights of the TLR9 siRNA-tumor bearing mice are due to
increased lean mass (n=5, mean £+ SD, * p<0.01 vs. mice
bearing control siRNA tumors).
10~ -
5 e ] l g!:'-NT: Figure 2. MDA-MB-231 breast cancer cells were cultured in the
§ 2 :: @ presence of 10 ng/ml of DNA from intact (isolated from
29 6 ok proliferating breast cancer cells) or doxorubicine-killed (Dox DNA)
£ g 5 breast cancer cells. IL-6 and TNF—-o mRNA were measured 24 h
g : 4 ok later from the treated cells with QRT-PCR. Mean + sd, n=12, ***
g an: :: B T p<0.001 vs. vehicle treatment.
=
1T 1 1

Vehicle  IntactDNA  Dox DNA
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We also followed tumor regrowth in mice that had been treated with doxorubicine. It was noted that the TLR9 siRNA
tumors in the triple negative background grew back rapidly whereas control siRNA tumors remained small (Figure 3).
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We did similar in vivo studies also using the ER+ T47-D cells. In these cells, the tumor response to doxorubicine-
treatment appears to be significantly less in the TLR9 siRNA tumors (Fig. 4). We do not, however, consider these results
conclusive yet as they have only been done once, with a small number of mice. Also, the mouse weights in this study were
not recorded so we will repeat the experiment.
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Conclusions from the experiments done so far in the Specific Aim # 1: Tumor TLR9 expression has a dramatic effect
on prognosis in triple negative breast cancers. The lack of TLR9 in the triple negative tumors results in poor prognosis
because 1) in the absence of TLRY, the cancer cells become highly invasive and viable in hypoxia and 2) the tumors
lacking TLRO possibly do not evoke a strong enough of an anti-tumor immune response that would result in the
destruction of residual disease. We will continue to work on this topic to find a cure for these patients. In addition, our
results suggest that “dead DNA”-induced and TLR9-mediated invasion takes place when large amounts of DNA are
available for the viable cancer cells. Although not detected in the pre-clinical models used here, this mechanism may be
important in other models of cancer.

Specific Aim # 2: Study the importance of apoptotic microparticles as a delivery mechanism for DNA.

This aim has been transferred to the extension period of the grant.

Specific Aim # 3: Reported separately.



KEY RESEARCH ACCOMPLISHMENTS: Bulleted list of key research accomplishments emanating from this
research.

1) We have discovered a novel, poor prognosis subgroup of triple negative breast cancer as defined by tumor TLR9
expression.
2) Based on our results, we have formulated two further hypotheses as to why these patients do poorly.

REPORTABLE OUTCOMES:

Manuscripts: Tuomela J. et al. “Low TLR9 expression defines an aggressive subtype of triple negative breast cancer”,
2012, Breast Cancer Research and Treatment, In Press, PMID: 22847512

Abstracts: Tuomela J. et al. Low Toll-Like Receptor 9 Expression Is Required for the Aggressive Behavior of Triple
Negative Breast Cancer Cells in Hypoxia, PROGRAM #P2—-11-10, San Antonio Breast Cancer Symposium, San
Antonio, TX, December 2011

Degrees obtained that are supported by this award; Jouko Sandholm, PhD (pending)

Funding applied for based on work supported by this award: Susan Komen grant (pending), RO1 (pending), DOD
(pending)

Grants received: from the UAB Comprehensive Cancer Center to study the prognostic role of TLR9 expression
in African-American breast cancer patients.

Employment or research opportunities applied for and/or received based on experience/training supported by this award:
Dr. Johanna Tuomela, PhD, post-doctoral fellow, Jouko Sandholm, M.Sc., graduate student.

CONCLUSION: We have determined that DNA, which is derived from chemotherapy-killed breast cancer cells has
important biological effects on living breast cancer cells and these effects induced by the “Dead DNA” may determine the
course of the disease in a dramatic way, especially in triple negative breast cancer. First, we demonstrate that such “dead
DNA?” is taken up into living breast cancer cells and that complexing with LL-37 increases this cellular up-take. Second,
“dead DNA” induces in vitro invasion in various breast cancer cells, also in brain cancer cells and this invasion is TLR9-
mediated and due to TLR9-regulated activation of proteolytic enzymes. This effect, however, requires a lot of DNA and it
is unclear whether or not such an invasion takes place in vivo. It does not seem to do so in the animal models that we have
used, but this phenomenon may be important in other cancers where more DNA is released upon cell death. Our results
suggest that the pathophysiological significance of the dead DNA-induced invasion should be studied in an animal model
that better mimics cancers that are undergoing rapid cell death and where large amounts of “dead DNA” are available in
the vicinity of the tumor.

We also discovered that such “dead DNA” has pro-inflammatory effects in living cancer cells. Our animal experiments
suggest that these effects are also TLR9-mediated, although we have to still characterize the findings further. These
findings may partly explain why the low TLRO-triple negative subgroup of breast cancer patients, which we have first
described (Tuomela et al. 2012) has such poor prognosis. We also demonstrated that TLR9 expression is hypoxia-
regulated and in the absence of hypoxia-induced TLR9 expression, triple negative, but not ER+ breast cancer cells,
become highly invasive.

We are now seeking further funding to test the hypotheses derived from the current work.

SO WHAT: We set out to test the hypothesis that DNA from dead cancer cells induces invasion in living cancer cells and
that this “death-induced vicious cycle” contributes to tumor spread and metastasis in breast cancer. While we have shown
that this indeed is the case in vitro, we have been unable to demonstrate that it is important for metastasis of small breast
cancers in vivo. However, while doing these experiments, we ended up discovering a novel, poor-prognosis subgroup of
breast cancer patients that have low tumor TLR9 expression + triple negative tumors. These patients may represent as
many as 10 % of all breast cancer patients. Interestingly, however, the experiments proposed in the original grant may
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have provided further clues as to why these patients have such poor prognosis. Based on the findings done with this grant
money, we have a reason to believe that in addition to inducing invasion, “dead DNA” also induces TLR9-mediated
inflammation and actually, it is this inflammatory reaction, which takes place at much smaller DNA concentrations than
invasion, is critical for the prognosis.

Our results imply that tumor TLR9 expression and “dead DNA”-TLR9 interaction at the tumor interface are critical
determinant of prognosis in a subgroup of breast cancer patients that may account for as many as 10 % of all breast
cancers.

In our future work, we will test the hypotheses that are based on results from this grant.
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Abstract Toll-like receptor-9 (TLR9) is a DNA receptor
widely expressed in cancers. Although synthetic TLR9
ligands induce cancer cell invasion in vitro, the role of
TLRO in cancer pathophysiology is unclear. We discovered
that low tumor TLRY expression is associated with sig-
nificantly shortened disease-specific survival in patients
with triple negative but not with ER+ breast cancers.

Johanna Tuomela, Jouko Sandholm, and Peeter Karihtala have equally
contributed to this study.

Electronic supplementary material The online version of this
article (doi:10.1007/s10549-012-2181-7) contains supplementary
material, which is available to authorized users.

J. Tuomela - J. Sandholm - J. Ilvesaro - D. Chen - C. Pressey -
K. W. Harris - K. S. Selander (X)

Department of Medicine, Division of Hematology-Oncology,
University of Alabama at Birmingham, SHEL 514, 1825
University Blvd, Birmingham, AL 35294-3300, USA

e-mail: Katri.Selander@ccc.uab.edu

J. Tuomela - J. Sandholm - J. Ilvesaro - D. Chen - C. Pressey -
K. W. Harris - D. Graves - K. S. Selander

Comprehensive Cancer Center, University

of Alabama at Birmingham, Birmingham, AL, USA

P. Karihtala - A. Jukkola-Vuorinen
Department of Oncology and Radiotherapy, Oulu University
Hospital, Oulu, Finland

K. S. Vuopala
Department of Pathology, Lapland Central Hospital,
Rovaniemi, Finland

J. H. Kauppila - S. Kauppila
Department of Pathology, Oulu University Hospital,
Oulu, Finland

J. H. Kauppila
Department of Surgery, Oulu University Hospital, Oulu, Finland

Published online: 31 July 2012

A likely mechanism of this clinical finding involves dif-
ferential responses to hypoxia. Our pre-clinical studies
indicate that while TLR9 expression is hypoxia-regulated,
low TLRO expression has different effects on triple nega-
tive and ER+ breast cancer invasion in hypoxia. Hypoxia-
induced invasion is augmented by TLR9 siRNA in triple
negative, but not in ER+ breast cancer cells. This is pos-
sibly due to differential TLR9-regulated TIMP-3 expres-
sion, which remains detectable in ER+ cells but disappears
from triple-negative TLR9 siRNA cells in hypoxia. Our
results demonstrate a novel role for this innate immunity
receptor in cancer biology and suggest that TLR9 expres-
sion may be a novel marker for triple-negative breast
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cancer patients who are at a high risk of relapse. Further-
more, these results suggest that interventions or events,
which induce hypoxia or down-regulate TLR9 expression
in triple-negative breast cancer cells may actually induce
their spread.

Keywords Toll-like receptor-9 - Triple negative -
Hypoxia - Invasion - Breast cancer

Introduction

Toll-like receptors (TLRs) are pattern recognition proteins
that detect both microbe- and host-derived molecular pat-
terns [1, 2]. At least 13 mammalian TLRs with specific
ligands have been recognized so far. For example, TLR4 is
the receptor for bacterial lipopolysaccharide (LPS). TLRS
recognizes flagellin, and members of the Toll-like receptor-
9 (TLR9) subfamily are RNA (TLRs 3, 7, and 8) and DNA
(TLRY) receptors [1-3]. In addition to the microbe-derived
ligands, several endogenous ligands demonstrating recep-
tor specificity have also been described for the various
TLRs [4, 5]. The sub-cellular expression of TLRs varies.
While TLRs 1, 2, and 4 are typically expressed on the cell
surface, TLR3, TLR13, and the TLR9 subfamily members
reside within intracellular compartments [3, 6-8]. Ligand
binding to TLRs activates the transcription factor NF-xB;
in cells of the immune system, the eventual outcome of
TLR activation is an innate immune reaction characterized
by increased production of inflammatory mediators [2].
Recent studies indicate that TLR9 is frequently expres-
sed in various cancer cell lines in vitro, including breast,
brain, gastric, lung, and prostate cancer cells [8—13]. We
and others have demonstrated that stimulation of TLR9-
expressing cancer cells with synthetic TLR9 ligands (CpG
sequence-containing oligonucleotides) increases their in
vitro invasion, with associated down-regulation of tissue
inhibitor of matrix metalloproteinase-3 (TIMP-3) and
up-regulation of matrix metalloproteinase-13 (MMP-13)
activity [9, 10, 13, 14]. This effect is mediated via TLR9
and TRAF®6, but not via MyD88 [10, 14]. TLR9 expression
has also been demonstrated in various clinical tumor spec-
imens, especially in breast and prostate cancers [9, 15-19].
In breast cancers, high TLR9 expression has been associ-
ated with estrogen receptor-negative (ER—) status and poor
differentiation of the tumors [15, 17]. Nevertheless, both
high and low TLRY expression can be found in all of the
clinically significant subgroups of breast cancer, including
estrogen (ER) and progesterone (PgR) receptor-positive,
human epidermal growth factor receptor-2 (HER2)-posi-
tive, and triple-negative tumors (which lack the expression
of all these receptors) [15]. Despite the well-documented
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expression of TLRY in various cancers and the invasive
response to TLRY ligands in vitro, the contribution of this
protein to cancer pathophysiology is unclear.

Results

Triple-negative TLR9 siRNA breast cancer cells are
less invasive in vitro but form larger tumors in vivo

In order to study the role of TLRY in breast cancer path-
ophysiology, we used human, triple-negative MDA-MB-
231 breast cancer cells as a model because these cells
express high levels of TLR9 and treatment with synthetic
TLRY ligands increases their invasion [10, 14]. Also,
because the natural, invasion-inducing ligand for TLR9Y is
currently unknown, we chose to study the role of the TLR9
protein per se in these experiments, in the absence of
exogenous TLR9 ligands. TLR9 expression was first down-
regulated in MDA-MB-231 cells through a stable, plasmid-
based siRNA approach [14]. Characterization of these cells
in normoxic, steady-state conditions is shown Fig. 1. In
brief, as compared with the control siRNA cells, the TLR9
siRNA cells exhibited decreased TLR9 mRNA expression
by ~33 %, which was associated with decreased MMP-2,
MMP-9, and MMP-13 mRNA and increased TIMP-3
mRNA expression (Fig. 1a). TLR9 and TIMP-3 protein
expression levels demonstrated similar, slight changes
(Fig. 1b). Relative to the control siRNA cells, the TLR9
siRNA cells also exhibited significantly increased expres-
sion of TIMP-1 and TIMP-2 mRNAs (Supplementary
Fig. S1). Consistent with this anti-invasive gene expression
profile, the TLR9 siRNA cells were indeed significantly
less invasive than the control siRNA cells, suggesting that
the overall ratio of proteolytic enzyme activity to their
inhibitors favors an anti-invasive phenotype of the TLR9
siRNA cells in normoxic culture conditions (Fig. 1c).
However, when the cells were inoculated into the mam-
mary fat pads of nude mice, the TLR9 siRNA cells
behaved more aggressively and formed significantly larger
tumors than the control cells (Fig. 1d). Maintenance of the
lower TLR9 mRNA expression level throughout the animal
experiment was confirmed with qRT-PCR (Supplementary
Fig. S2).

Breast cancer patients with triple-negative tumors
and decreased tumor TLR9 expression have
significantly shortened disease-specific survival

We then studied the correlation of TLR9 expression with
breast cancer-specific survival in a clinical breast cancer
cohort. The basal, clinicopathological parameters of the
analyzed tumors are shown in Supplementary Table S1.
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Fig. 1 a Characterization of the stable control siRNA and TLR9
siRNA MDA-MB-231 cells in normoxia. The bars represent changes
in the indicated mRNA levels in the TLR9 siRNA cells, relative to
control siRNA cells. The dotted line represents the expression levels
of the mRNAs in the control cells. *p <0.05, **p <0.01,
*#*%p < 0.001 versus control siRNA cells. Mean + SD, n = 6.
b TLRY and TIMP-3 protein expression levels in normoxia in the
corresponding cells. The biggest change in TIMP-3 expression was
seen at the 21 kDa band (arrow). The same blot was stripped and re-

TLRY expression in these tumors was characterized with
immunohistochemistry, as previously shown by us [15].
TLRY expression was not associated with breast cancer-
specific survival in the group of patients that had ER+/
PgR+/HER2-tumors (Fig. 2a). However, among triple-
negative (ER—, PR—, HER2—) breast cancer patients, low
tumor TLRY expression was associated with a significantly
shortened disease-specific survival (Fig. 2b). Although the
patients with both low and high TLR9-expressing triple-
negative tumors were similar with regard to standard
clinical prognostic factors, such as tumor size, grade, and
nodal status, (Supplementary Table S1), 18 of 48 (37.5 %)
patients with low tumor TLRY expression died of breast
cancer during the follow-up time, whereas only 4 of 51
(7.8 %) did so in the higher TLR9 score group. High tumor
TLRY expression was, however, significantly associated
with the absence of lymphatic vessel invasion and lower
proliferation rate. Taken together, these data suggest that
low TLRY expression may be a novel poor prognosis
marker among patients with triple-negative breast cancers.
The results further suggest that although the low TLR9

Tumor volume (mma) o

45 kDa Actin

LAl
[ — |

—a— Control siRNA
-+-TLR9 siRNA

Time (days)

blotted with the anti-actin antibody, to show equal loading. ¢ The
basal invasion capacity of the control siRNA and TLR9 siRNA cells
in normoxia, data is expressed as mean + SEM, n = 6, *p < 0.05
versus control siRNA cells. d Orthotopic growth of the control and
TLR9 siRNA tumors in nude mice in vivo, indicated by tumor growth
curves as a function of time, n = 60 (tumors, data is combined from
three separate in vivo experiments). **p < 0.05, ***p < 0.001 TLR9
siRNA versus control siRNA tumors

expressing triple-negative breast cancer cells are less
invasive in normoxia in vitro, their behavior changes dra-
matically to very aggressive in vivo and this switch in their
behavior may also explain the poor breast cancer-specific
survival of triple-negative breast cancer patients with low
tumor expression of TLRO.

Hypoxia induces TLR9 expression in breast cancer
cells

While characterizing the reasons why low TLR9 expression
would result in aggressive behavior of triple-negative breast
cancer cells, we chose to investigate the role of hypoxia in
this process. Hypoxia is a fundamental characteristic of
solid tumors, which induces various adaptive changes in
cellular functions, eventually leading to increased tumor
growth, invasion, and metastasis [20]. Interestingly also, we
noticed that the growth rates of the control and TLRY siR-
NA tumors started to separate after day 12 when especially
the TLR9 siRNA tumor diameters exceeded ~5 mm, being
past the point at which tumors have been shown to become
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according to immunohistochemical TLR9 expression level in a ER+/
PR+/HER2— breast cancers (log-rank p = 0.98) and b triple-nega-
tive (ER—/PR—/HER2—) breast cancers (log-rank p = 0.00052)

hypoxic [21]. Among breast cancers, especially those with
ER and PR-negative status have been associated with
hypoxia [22, 23]. Hypoxic tissue conditions also up-regu-
late the expression of other TLRs in normal tissues [24].
With these previous findings in mind, we hypothesized that
hypoxia may affect TLR9 expression and invasion in breast
cancer cells. Expression of TLR9 and MMP-13 were indeed
markedly up-regulated within and immediately adjacent to
the necrotic (and thus hypoxic) core of the subcutaneous
tumors formed by MDA-MB-231 cells (Fig. 3a). Culture of
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MDA-MB-231 cells in hypoxia in vitro also increased their
TLR9 and MMP-13 mRNA expression after 24 h, while
expression of TIMP-3 mRNA, an important regulator of
MMP activity was significantly down-regulated at the cor-
responding time points and almost completely gone after
24 h (Fig. 3b). The protein levels of TLR9 and TIMP-3
paralleled the mRNA levels (Fig. 3c). In addition, MMP-2
and MMP-9 mRNAs were also significantly up-regulated
by hypoxia at 24 h. Furthermore, there were also slight, but
statistically significant changes in the mRNA expression
levels of other TIMPs: TIMP-1 mRNA was slightly up-
regulated and TIMP-2 mRNA expression was slightly
down-regulated by hypoxia (Fig. 3d). Finally, increased
proteolytic activity was detected with zymograms in the
supernatants of MDA-MB-231 cells that had been cultured
in hypoxia, as compared with normoxic supernatants. Taken
together, these results suggest that the overall expression
ratio of MMPs to their inhibitors favors proteolysis in
hypoxia in these cells (Fig. 3e).

Hypoxia-induced up-regulation of TLRY is mediated
via HIF-1a

Hypoxia-inducible factor-1a: (HIF-1a) is the primary regu-
lator of response to acute hypoxia [25]. HIF-1 was recently
shown to induce TLR2 and TLR6 expression in various
benign cells under hypoxic conditions [24]. Therefore, we
determined the role of HIF-1¢ in the hypoxia-induced up-
regulation of TLR9 expression in MDA-MB-231 cells. The
cells transfected with HIF-1o, TLR9, or non-targeting
control siRNA oligonucleotides were cultured for 24 h
under hypoxia or normoxia. In the control siRNA cells,
hypoxia induced a significant increase in both HIF-1o and
TLR9 mRNA expression (Fig. 4a). In the HIF-1a siRNA
cells, the expression of both hypoxia-induced HIF-1« and
TLRY9 mRNAs were blunted. In cells transfected with TLR9
siRNA oligonucleotides, hypoxia-induced TLR9 mRNA
expression was blunted, but HIF-1a mRNA was not. The
results were also similar at the protein level (Fig. 4b, c).
Taken together, these results suggest that TLR9 is a down-
stream target for HIF-1a in the MDA-MB-231 cells in
hypoxia.

Hypoxia-induced invasion is significantly enhanced
in triple negative, but not in ER+ TLR9 siRNA
breast cancer cells

Cancer cells are known to become more invasive in
hypoxia [26]. Considering the previous results about the
role of TLRY in cancer cell invasion in vitro, we next
investigated whether TLR9 expression per se also has a
role in hypoxia-induced invasion [9, 10, 14, 26]. As
expected, parental MDA-MB-231 cells became more
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Fig. 3 a MDA-MB-231 cell tumors (1 and 2) that were grown
orthotopically in nude mice were processed for histology and adjacent
sections were subjected to H&E, and anti-TLR9 and anti-MMP-13
immunohistochemical stainings. The pink areas in the H&E-stained
sections represent necrosis, the purple areas represent viable tissue.
TLR9- and MMP-13 stainings overlap with the necrotic area. Primary
antibody was omitted from the negative staining control. b MDA-
MB-231 cells were cultured for the indicated times in hypoxia and
normoxia in vitro and TLR9, TIMP-3, and MMP-13 mRNA
expression were measured with qRT-PCR. The bars represent
hypoxia-induced changes, relative to normoxia (dotted line),
mean = SD, n = 6 **p < 0.01 versus the corresponding value in

invasive in hypoxia. This effect was significantly inhibited
by chloroquine, a known inhibitor of endosomal acidifi-
cation (and thereby, also TLR9-signaling) and also by a
wide-spectrum MMP-inhibitor GM6001, suggesting that
endosomal signaling and MMP activity may be required
for the hypoxia-induced invasion in these triple-negative
breast cancer cells (Supplementary Fig. S3) [27]. In order
to study the role of TLRY in this process more specifically,
we performed the next experiments with the stable TLR9
siRNA MDA-MB-231 cells (described in Fig. 1) and
compared their TLR9-associated gene expression and
invasive behavior with that of the control siRNA MDA-
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normoxia. ¢ Western blot of TLR9 and TIMP-3 from MDA-MB-231
cell cultured in normoxia (N) or hypoxia (H) for the indicated times.
Actin bands of the same, stripped blots are shown to indicate equal
loading. d Hypoxia-induced changes of MMP-2, MMP-9, TIMP-1,
and TIMP-2 mRNAs from MDA-MB-231 cells at 24 h. The bars
represent  hypoxia-induced changes, relative to normoxia,
mean + SD, n = 6, *p < 0.05, ***p < 0.001 versus the correspond-
ing value in normoxia (dotted line). ¢ Zymograms from collected
supernatants of MDA-MB-231 cells cultured for 24 or 48 h in
normoxia (N) and hypoxia (H). The bands indicate gelatinolytic
activity in the supernatants

MB-231 cells in hypoxia. The hypoxia-induced TLR9
mRNA increase was ~ 50 % less in the TLR9 siRNA cells,
as compared with the control cells, thus further increasing
the TLR9 mRNA expression gap between the control and
TLR9 siRNA cells (Fig. 5a). This bigger difference at the
mRNA level was now also better reflected in the TLR9
protein levels, which demonstrated a markedly increased
difference between the TLR9 siRNA and control siRNA
cells in hypoxia (Fig. 5b). To our surprise, the hypoxia-
induced fold-increase in invasion was not blunted, but
rather significantly enhanced in the TLR9 siRNA cells as
compared with the control siRNA cells. Furthermore, the
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Fig. 4 a Hypoxia-induced changes in HIF-lo and TLR9 mRNA
expression in MDA-MB-231 cells that were transiently transfected
with siRNA oligonucleotides against HIF-1o, TLRY, or with control
siRNA oligonucleotides. The bars represent hypoxia-induced
changes, relative to normoxia (dotted line), mean + SD, n = 6,
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and re-blotted with actin antibody to show equal loading. ¢ Hypoxia-
induced accumulation of TLR9 was detected in control siRNA cells,
but not in the HIF-1lo or TLR9 siRNA cells. The same blot was
stripped and re-blotted with f-tubulin antibody, to show equal loading

siRNA

invasion difference was even more pronounced in the cells
where TLR9 expression was transiently blocked with oli-
gonucleotide siRNAs (Fig. 5c). Taken together, these
results suggested that decreased TLR9 expression in triple-
negative breast cancer cells does not prevent hypoxia-
induced invasion but rather, enhances it. In order to study
these effects in ER+ cells, we also established stable T47-
D control and TLR9 siRNA cells. Hypoxia also induced a
slight induction of TLR9 expression in the parental T47-D
and control siRNA T47-D cells, but not in the TLRO9 siR-
NA T47-D cells (Fig. 6a, b). Interestingly, although HIF-
1o mRNA expression was not up-regulated by hypoxia in
T47-D cells, HIF-1a siRNA molecules still blocked
hypoxia-induced TLR9 mRNA expression, suggesting that
this hypoxia-induced effect is HIF-1a-mediated also in
these ER+ breast cancer cells (Supplementary Fig. S4).
Hypoxia also induced parental T47-D cell invasion
(Fig. 6¢). The hypoxia-induced invasive response of these
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ER+, TLRY siRNA cells was, however, similar to that
detected in the control siRNA cells and unlike in the triple-
negative TLR9 siRNA cells, not enhanced (Fig. 6¢). Fur-
thermore, the in vivo growth rates of T47-D control and
TLR9 siRNA cells were similar (Fig. 6d). Taken together,
these results suggest that decreased TLR9 expression
in hypoxia strongly promotes the invasiveness of
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triple-negative breast cancer cells but not that of ER+
cells. Finally, we also studied TLR9 expression and inva-
sive behavior in another human triple-negative breast
cancer cell line, Hs578T cells. These cells also become
highly invasive in hypoxia, but hypoxia does not increase
their HIF-1oc or TLR9 mRNA expression (Supplementary
Fig. S5). These cells may thus represent a parental,
unmodified example of the aggressive low-TLR9
subgroup.

<« Fig. 6 a Hypoxia-induced change in TLR9 mRNA expression in

parental or stable control or TLR9 siRNA T47-D cells. The dotted
line represents TLRY9 mRNA expression in normoxia in the
corresponding cells, mean + SD, n = 4-6, **p < 0.01 versus nor-
moxia, *™p < 0.01 versus control siRNA cells. b TLR9 protein
expression in the corresponding cells in normoxia (N) and hypoxia
(H). ¢ Hypoxia-induced invasion in parental, control siRNA, and
TLRY siRNA T47-D cells. The bars represent fold-change versus
normoxia (dotted line), mean = SEM, n = 12-16, *p < 0.05,
*#%p < (0.001 versus normoxia. d In vivo growth rates of control
and TLRY siRNA T47-D cells in nude mice indicated by tumor
growth curves as a function of time, n = 12 (tumors), mean £+ SEM,
p = ns. TLRY siRNA versus control siRNA tumors

Hypoxia abolishes TIMP-3 expression in low TLR9-
expressing triple-negative breast cancer cells

but not in low TLR9 expressing ER+ breast cancer
cells

We next studied further the possible mechanisms that could
explain the high invasiveness of the triple negative, low
TLRO9-expressing breast cancer cells in hypoxia. Similar to
parental MDA-MB-231 cells, culture in hypoxia also
up-regulated MMP-2, MMP-9 and MMP-13 mRNA
expression in the control siRNA cells. These effects were,
however, significantly diminished in the stable TLR9 siR-
NA cells. As in the parental MDA-MB-231 cells, TIMP-3
mRNA expression was also significantly decreased in the
control siRNA cells in hypoxia (Fig. 7a). This effect was
significantly augmented in the stable TLR9 siRNA cells, in
which no TIMP-3 mRNA expression was detected. Hypoxia
also induced up-regulation of TIMP-1 mRNA and no
change in TIMP-2 mRNA in the control siRNA cells. In the
TLR9 siRNA MDA-MB-231 cells, both TIMP-1 and TIMP-
2 mRNAs were down-regulated by hypoxia, but the changes
in the expression levels were not as dramatic as those for
TIMP-3 (Fig. 7a). In agreement with the mRNA levels,
TIMP-3 protein was not detected in control or TLR9 siRNA
cells in hypoxia (Fig. 7b). Despite the relatively decreased
MMP mRNA expression levels in the TLR9 siRNA cells,
zymograms of hypoxic cell culture supernatants demon-
strated, however, similar proteolytic activity for control
siRNA and TLR9 siRNA MDA-MB-231 cells (Fig. 7c). In
summary, these results suggest that although the hypoxia-
induced stimulation of MMP expression is decreased in the
triple-negative TLR9 siRNA cells, the proteolytic activity
of these cells remains high in hypoxia, possibly due to lack
of their endogenous inhibitors, such as TIMP-3. This is
further supported by the significantly decreased TIMP-3
mRNA expression that was also detected in the TLR9
siRNA tumors ex vivo (Fig. 7d). Hypoxia effects on TIMP
expression were also investigated in the ER+ TLR9 siRNA
T47-D cells. In the parental and control siRNA T47-D cells,
hypoxia significantly increased TIMP-3 mRNA expression
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Fig. 7 a Hypoxia-induced MMP-2, MMP-9, MMP-13, and TIMP-3
mRNA expression in the plasmid-based MDA-MB-231 control or
TLRY siRNA cells. The bars represent hypoxia-induced changes,
relative to normoxia (dotted line), mean £+ SD, n = 4-6, *p < 0.05,

**p < 0.01, **¥*p < 0.001 versus corresponding value in normoxia,
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cells. b Western blot of TIMP-3 protein expression under hypoxia in
the indicated cells. Actin band of the same, stripped blot is shown to

without affecting TIMP-1 and TIMP-2. In the T47-D TLR9
siRNA cells, the hypoxia-induced TIMP-3 mRNA up-reg-
ulation was blocked. However, even in hypoxia, the T47-D
TLR9 siRNA cells retained their TIMP-3 expression
(Fig. 8a, b). Zymograms of control siRNA T47-D cell
supernatants exhibited a similar, hypoxia-induced increase
in proteolysis as detected in parental T47-D cells. In the
TLRY siRNA T47-D cells, such change was less obvious
(Fig. 8c, d).

Triple-negative TLR9 siRNA breast cancer cells exhibit
increased viability in hypoxia

Finally, we tested how normoxia and hypoxia affect the
cellular viability of the triple-negative breast cancer cells
with high or low expression of TLR9. Similar to what was
detected with the parental MDA-MB-231 cells (data not
shown), the viability of the control siRNA cells was
slightly increased when the cells were cultured in hypoxia.
This effect was, however, significantly pronounced in the
TLR9 siRNA cells (Supplementary Fig. S6).
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indicate equal loading. Protein from U373MG glioblastoma cells was
used as a positive control to demonstrate TIMP-3 protein on the blots.
¢ Zymograms of supernatants, demonstrating gelatinolytic activity,
from stable control or TLR9 siRNA MDA-MB-231 cells that were
cultured for 24 h under normoxia (N) or hypoxia (H). d Relative
TIMP-3 mRNA expression in control siRNA (n = 6) and TLR9
siRNA  MDA-MB-231 tumors (n=12). Mean + SEM,
*#*%p < 0.001 control siRNA versus TLR9 siRNA tumors

Discussion

The majority of solid human tumors are hypoxic. The low
oxygen pressure in the tumors contributes to the metastatic
progression, but the molecular mechanisms involved are
not thoroughly understood [28]. We demonstrate here that
the innate immunity DNA receptor TLR9 is an important,
oxygen status-dependent regulator of triple-negative breast
cancer cell behavior. We discovered that low TLR9
expression has opposite effects on the invasive behavior of
triple-negative breast cancer cells, depending on the sur-
rounding oxygen status. In normoxic growth conditions,
low TLRY expression results in decreased invasion; while
in hypoxia, low TLR9 expression is permissive for both
highly increased invasion and viability. Furthermore, since
the experiments were performed without the addition of
exogenous ligands, our results suggest that TLR9 expres-
sion per se is sufficient to regulate invasion. Our findings
further indicate that the significance of low TLRO expres-
sion may be specific for triple-negative breast tumors, since
low TLRY expression did not augment invasiveness in
ER+ breast cancer cells in vitro. While interpreting these



Breast Cancer Res Treat

a 3 -
T 5 iy J T47-D
8 ‘w b 3 control siRNA
-g £ @ 2. 3 TLR9 siRNA
c D =
$és -
'Ewﬂi___ = T __.T J; - L
o5«
3
T Eo r . .
TIMP-1 TIMP-2 TIMP-3
b T47-D Control TLR9
SiRNA SiRNA
N H N H N

H
50kDa| = s J 9 - inmpa

45 kDa N S | Actin
c d Control TLR9
T47-D siRNA siRNA
N H N H N H
100 kDa L & 100kDa
62kDa (7 62 kDa

Fig. 8 a Hypoxia-induced changes in TIMP-1, TIMP-2, and TIMP-3
mRNA expression in parental, control siRNA, and TLRY siRNA T47-
D cells. Data is expressed as fold-change versus normoxia (dotted
line), mean £+ SD, n = 5-6, *p < 0.05, ***p < 0.001 versus nor-
moxia, *p < 0.001 versus corresponding control siRNA cells.
b TIMP-3 protein expression in parental, control, and TLR9 siRNA
T47-D cells in normoxia (N) and hypoxia (H). The same blot was
stripped and re-blotted with anti-actin antibodies to show protein
loading. Zymograms of supernatants from c¢ parental T47-D and
d stable control siRNA or TLR9 siRNA T47-D cells that were
cultured for 24 h under normoxia (N) or hypoxia (H). Hypoxia-
induced proteolytic bands are indicated with arrows

results, however, it must be taken into account that the
hypoxic responses of commercially available cell lines may
be very different compared to those in primary tumor cells.
However, low tumor TLR9 expression predicted poor
prognosis only in patients with triple-negative tumors, but
not in patients with ER+ breast tumors, suggesting that low
TLRY expression might be a useful marker to distinguish
those breast cancer patients with triple-negative tumors that
are at high risk of relapse. The patient data further support
the role of low TLRY expression in promoting triple-neg-
ative breast cancer invasion and viability, as high tumor
TLRY expression was associated with the absence of these
aggressive characteristics. These findings may not be lim-
ited to breast cancers because we also recently demon-
strated a similar, decreased survival associated with low
tumor TLRY expression in renal cell carcinomas, which
also have been associated with hypoxia [29].

The anti-invasive phenotype of the triple-negative TLR9
knock-out cancer cells in normoxia is likely mediated via
decreased activity of the various MMPs, due to both decreased
MMP expression and increased expression of their endoge-
nous inhibitors, such as the TIMPs 1-3. In hypoxia, this TLR9-

regulated balance is, however, reversed, and the dramatic
decrease of endogenous MMP inhibitors, especially TIMP-3,
favors the pro-invasive phenotype even when the relative,
hypoxia-induced MMP expression is decreased. It is also
possible that the effects on TIMP-3 and MMPs are miRNA-
regulated or mediated by some another factor that gets acti-
vated in hypoxia when TLR9 expression levels are low. The
molecular events that lead to increased invasion in these cells
require further clarification. Interestingly, however, low
TLRY expression in hypoxia affects TIMP-3 expression dif-
ferently between ER+ and triple-negative breast cancer cells;
unlike the triple-negative breast cancer cells, low TLRY-
expressing ER+ breast cancer cells retain their TIMP-3
expression even in hypoxia. The mechanistic explanation for
this phenomenon is currently unclear, but it may be related to
the ability of ERa to inhibit TLR9 signaling [30]. We showed
recently that expression of ERo blocks TLR9 ligand-induced
NF-«B activity and thus theoretically, ERo could also inhibit
the TLRO- or possibly other TLR-regulated effects on TIMP-3
expression. This difference in TIMP-3 expression might also
explain why patients with low TLR9-expressing triple-nega-
tive breast tumors do much worse than patients with ER+ low
TLR9-expressing tumors. This hypothesis is supported by our
ex vivo results demonstrating that TIMP-3 mRNA expression
remains low in the orthotopic triple-negative TLR9 siRNA
tumors. Our results from the experiments with chloroquine
further suggest that in hypoxia, the pro-invasive phenotype of
cells with low TLR9 may be mediated via endosomal sig-
naling. In the absence of TLR9, hypoxia might thus activate
other endosome-residing (and thus chloroquine-sensitive)
TLRs, such as TLRs 3, 7, and 8. TLR9 has indeed been
demonstrated to inhibit TLR7 signaling [31]. Taken together,
the lack of TLRY expression under hypoxia might thus be
permissive for the pro-invasive effects of other endosomal
TLRs and it may be these other factors that modulate, for
example, TIMP expression. These issues call for further
investigation. Finally, in addition to the intrinsic tumor inva-
sion permitting effects of low TLRY, such phenotype might
also result in increased tumor growth and poorer prognosis
due to the lack of proper signals to the adaptive immunity [32].
This aspect of low TLR9 expression also needs to be resolved
in further studies.

Similar to many of the hypoxia-regulated genes,
hypoxia-induced up-regulation of TLR9 is dependent on
HIF-1«, but not vice versa. Our findings agree with those of
Sinha et al. [33], who recently demonstrated that HIF-1«
also regulates TLR9 expression in glioma cells. Our find-
ings further suggest that if the HIF-1a-mediated TLRO-
response is missing, triple-negative breast cancer cells
become more aggressive in hypoxia. Nuclear HIF-1a is
over-expressed in primary breast cancers where it has been
linked to an aggressive phenotype and poor prognosis [34].
Furthermore, deletion of HIF-la in the mammary
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epithelium resulted in decreased pulmonary metastasis in a
transgenic model of cancer initiation and progression [35].
These pre-clinical findings have led to clinical testing of
HIF-1« inhibitors, but conclusive results are still pending
[36]. Our findings suggest that HIF-1« inhibition might be
unfavorable in cancer types that have low TLR9 expression
to begin with. In line with this, a naturally occurring anti-
sense transcript, aHIF, whose function at the moment is
unclear but which may down-regulate the expression of the
mature HIF-1o protein, was recently shown to be a poor
prognostic marker in a group of neo-adjuvant treated breast
cancer patients [37].

Of breast cancer patients, those with triple-negative
tumors typically bear the poorest prognosis, due to both
aggressive behavior of the tumors and also due to the lack of
targeted therapies [38]. Triple-negative breast cancers are,
however, a heterogeneous group, and a more precise
understanding of the various subgroups would allow ratio-
nale drug design for these patients. Our study suggests that
triple-negative breast cancers with low TLR9 expression
may represent a novel subgroup of highly aggressive dis-
ease. Thus, low TLRY expression in this group might serve
as a useful prognostic marker and propose that for these
patients, agents that activate tumor TLRY signaling or
expression in hypoxia might improve survival. Further-
more, these results suggest that any intervention or exoge-
nous factor that induces hypoxia or lowers TLR9 expression
in residual disease or in metastatic triple-negative breast
cancer cells may actually promote their spread and growth.

Materials and methods
Cell culture

Human MDA-MB-231 and Hs578T breast cancer cells were
cultured in Dulbecco’s modified Eagle’s medium (Gibco
BRL, Life Technologies, Paisley, UK) supplemented with
10 % heat-inactivated fetal bovine serum (FBS), L-gluta-
mine, penicillin/streptomycin (PS), and non-essential amino
acids (all from Gibco BRL, Life Technologies). T47-D
breast cancer cells were cultured in RPMI medium, supple-
mented with 20 % FBS, PS, and 10 pg/mL insulin [39]. Cell
culture was done in 37 °C, 5 % CO,/95 % air (~21 % pO,).
For the hypoxia experiments, the cells were incubated at 5 %
pO; (I-Glove, BioSpherix, Inc., Lacona, NY). Chloroquine
was purchased from Sigma, and the wide-spectrum MMP-
inhibitor, GM6001 from Enzo Life Sciences.

RNA isolation and quantitative RT-PCR

Total RNA was isolated from the cells using the Trizol
reagent (Invitrogen) and purified with RNeasy mini kits
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(Qiagen). All reagents for the qRT-PCR experiments were
purchased from Applied Biosystems. cDNA was synthe-
sized from 0.2 pg of total RNA, using Multiscribe reverse
transcriptase and random hexamers. Quantification of TLR9
mRNA expression was done with the following primer and
probe set, which were custom made by the vendor (Applied
Biosystems): forward primer (GGCCCTCCACGCATGAG),
reverse primer (CTTGTCCTTTTCTGCCCTTGTAG), and
probe (CCTGCAGAACTCTG). Other used primer and
probe sets (CAIX, MMP-2, MMP-9, MMP-13, TIMP-1,
TIMP-2, and TIMP-3) were purchased from Applied Bio-
systems. For all qRT-PCR assays, a standard amplification
program was used (1 cycle of 50 °C for 2 min, 1 cycle of
95 °C for 10 min, 40 cycles of 95 °C for 15 s, and 60 °C for
1 min). After normalization with RPLPO expression levels
for each cDNA, a relative quantification of target cDNA was
performed using 22 values.

Western blot analysis

The cells were incubated for indicated times in serum-free
culture medium, the medium was discarded and the cells
were harvested in lysis buffer (Cell Signaling) and clarified
by centrifugation. After boiling the supernatants in reduc-
ing SDS sample buffer, equal amounts of protein
(~100 pg) were loaded per lane and the samples were
electrophoresed into 10 or 4-20 % gradient polyacrylamide
SDS gels (BioRad) and transferred to a nitrocellulose
membrane. In order to detect TLR9, the blots were incu-
bated overnight at 4 °C with the anti-TLR9 antibodies
(IMG-431, Imgenex), and diluted 1:500 in Tris-buffered
saline and 0.1 % (v/v) Tween-20 (TBST). TIMP-3 was
detected with a polyclonal rabbit (Millipore, AB8106,
1:500). HIF-1a protein was detected with Novus Biologi-
cals, NB100-134, with the dilution of 1:500. Equal loading
was confirmed with polyclonal rabbit anti-actin (Sigma;
A-2066, 1:1000) or with anti-mouse f-tubulin antibody
(D66, Sigma, 1:1000). Secondary detection was performed
with HRP-linked secondary antibodies (GE Healthcare).
The protein bands were visualized by chemiluminescence
using ECL kit (Pierce, Rockford, IL).

Zymograms

The cells were incubated 24 h in serum-free media in
normoxia or hypoxia. The supernatants were collected and
concentrated with centrifugal filter device (Millipore, cut-
off size 3 kDa, cat # UFC5-003-24). Equal amounts of
protein (~ 20 pg) were loaded per lane of zymogram gels
(10 % gelatin, BioRad). The gels were then run, re-natur-
ated, and developed, using BioRad zymogram buffers,
according to the manufacturer’s recommendations.
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RNA interference

Down-regulation of TLR9 with siRNA in the MDA-MB-
231 cells was done with two approaches. In the plasmid-
based approach, a previously described TLRY siRNA
sequence or a control, non-targeting siRNA sequence was
cloned into the pSuper-EGFP vector (Oligoengine, Seattle,
WA) [14]. The plasmids were stably transfected into
MDA-MB-231 cells, using standard techniques [9]. The
cells were selected in the presence of G418 (0.8 mg/mL)
and three (T47-D) or four (MDA-MB-231) cycles of green
fluorescence-based cell sorting was done, to obtain a pool
of cells with high percentage of the cells showing GFP
emission. For a short-term down-regulation of TLR9Y, oli-
gonucleotides (human TLR9 siRNA Smart pool or a con-
trol, human non-targeting siRNA pool, Dharmacon) were
used. In brief, 8 pL of the 20 uM siRNA stock were added
to 500 pL of Optimem (Gibco) on 6-well plates, followed
by addition of 5 pL. of Lipofectamine RNAimax (Invitro-
gen). The plates containing the mixtures were rocked on a
platform for 20 min at RT, followed by addition of 0.8 mL
of MDA-MB-231 cell suspension (45 x 10* cells per mL).
After 2 h, 1.6 mL of regular growth medium was added to
the cells. The medium was changed the next day and after
48 h from the transfection, the cells were used in invasion,
RNA, and protein assays.

Invasion assays

Invasion assays were done as previously described [9]. In
brief, the cells (20 000 MDA-MB-231 cells or 40 000 T47-D
cells per insert) were allowed to invade through the extra-
cellular matrix-like Matrigel (BD Biosciences) in 24-well
plate inserts (Beckton Dickinson Labware). The number of
invaded cells was counted microscopically, after the mem-
branes were stained with the Hema-3 set (Fisher) [10].

Cell viability assays

The cells were plated on 96-well plates (20,000 cells per
100 pL per well) in normal growth medium. The viability
of the cells was measured with the CellTiter 96 Aqueus
One Solution Cell Proliferation assay (Promega), according
to the manufacturer’s recommendations. In another set of
experiments, the cells were plated on 24-well plates and
after the indicated time, the cells were trypsinized, and the
viable cells were counted after Trypan blue staining with
the TC10™ automated cell counter (Biorad).

Animal studies

The MDA-MB-231 cells (106 cells in 100 pL in PBS,
n = 60 mice) or T47-D cells [107 cells in 100 pL 50 %

Matrigel (BD Biosciences) in PBS, n = 12 mice], stably
transfected with the control or TLR9 siRNA plasmids,
were inoculated into the mammary fat pads of four-week
old, athymic nude mice (Athymic nude/nu Foxnl mice,
Harlan). For T47-D tumor-bearing mice, s.c. ER pellets
(17p-estradiol, 0.72 mg, 90-day release, Innovative
Research of America, OH) were applied to facilitate the in
vivo tumor growth. Starting on day 2 after tumor cell
inoculation, the tumor diameters were measured in two
perpendicular directions and tumor volumes were calcu-
lated using the formula V = (n/6)(d; x d2)3/2, where d,;
and d, are the perpendicular tumor diameters [40]. After
3 weeks, the mice were sacrificed and the tumors were
dissected, measured, and used for RNA isolation. In
another experiment, orthotopic tumors that were formed by
control MDA-MB-231 cells (stably expressing the empty
vector pcDNA3) were similarly inoculated and allowed to
form tumors. These tumors were processed for immuno-
histochemical stainings for MMP-13 and TLR9. The TLR9
stainings were performed as previously described by us
[15]. MMP-13 stainings were done otherwise similarly, but
with the polyclonal anti-human MMP-13 antibody (Onco-
gene Research Products), at a 1:50 dilution; H&E-stainings
were done using standard techniques. Throughout the
experiments, the animals were maintained under controlled
pathogen-free environmental conditions. Animal welfare
was monitored daily for clinical signs. The experiment
procedures were reviewed and approved by the UAB
Institutional Animal Care and Use Committee (IACUC).

Clinical specimens and immunohistochemistry

The clinical samples used here are from a cohort of breast
cancer patients with local or locally advanced disease
(n = 196) that were treated at the Department of Oncol-
ogy, University Hospital of Oulu or at the University
Hospital of Kuopio in 2000-2008. Ninety nine of the
patients had triple-negative breast cancer, defined as a total
lack of ER, PR, and HER2 expression. Control cases
(n = 97) were ER- and PR-positive and HER2-negative.
Membranous HER2 expression was studied by immuno-
histochemistry and if a specimen exhibited a HER2-positive
result (14 to 3+ on a scale of 0 to 3+) in IHC, Her2 gene
amplification status was determined by means of chromo-
genic in situ hybridization (CISH). Breast cancers with six
or more gene copies of Her2 in cells were considered
HER2 positive [41]. Immunohistochemical staining for
TLRY and HIF-1o (Novus Biologicals, NB100-134, 1:100)
and scoring of the staining intensities were done as previ-
ously described [15]. TLRO-staining intensity scores
(0-16) were divided into low (<8) and high (>8),
according to the previously used criteria [15]. For the HIF-
lo stainings, the intensity scores (0—20) were divided into
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high and low, according to the median value 14.1. Clinical
information was obtained from patient records. The
pathologist reviewing the samples was blinded to clinical
data. The baseline patient characteristics are given in
Supplementary Table S1. All patients got standard treat-
ment and care, consisting of surgery, radiation, and adju-
vant chemotherapy. Patients with ER+ tumors were also
treated with standard, adjuvant hormonal therapies. The
study was approved by the local ethical committees and by
the Finnish Authority of Medicolegal Affairs.

Statistical analysis

The results are given as mean = SD or mean + SEM, as
stated. Unpaired ¢ test was used to calculate statistically
significant differences in the in vitro and in vivo experi-
ments. For the immunohistochemical staining data of the
clinical specimens, SPSS 17.0.2 for Windows was applied
for statistical analysis. Survival was analyzed with the
Kaplan—Meier curve with log-rank test. The probability
values <0.05 were considered significant.
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